distribution of temperature. To achieve a uniform surface temperature on the element, further studies are necessary.
Introduction
Humidifiers have been used to maintain a comfortable indoor environment and to prevent respiratory symptoms from worsening due to extremely low humidity (Green 1985 , Arundel et al. 1986 ). Humidifier types include steam vaporizers, atomizing humidifiers and evaporative humidifiers, and they are used with heating, ventilating, and air-conditioning (HVAC) systems (EPA 2007) . Steam vaporizer humidifiers create steam by heating water. It is hygienic way, but it requires a large amount of energy to heat the water.
Atomizing humidifiers use a high-speed disk that sprays water through a fine comb to create a mist that is introduced directly into the airstream, where it evaporates. Atomizing humidifiers consumes less energy than that of steam vaporizer humidifiers. However, it should be noticed that the emitted mist might be contaminated by microorganisms. (Shaw et al. 1991 , Alvarez-Fernández et al. 1998 . Evaporative humidifiers invisibly transmit moisture into the air using a fan to blow air through elements. Evaporative humidifiers consume less energy and are a hygienic way of humidifying, as there are no aerosol sprays being released.
Therefore, evaporative humidifiers are widely used in buildings. However, evaporative humidifiers still have several problems, such as microbial contamination on surfaces of humidifier elements. Because the elements are usually moist while under operation, microbial contamination can occur when the air stream blows through a contaminated filter (Burge et al. 1980 , Strindehag et al. 1991 , Tyndall et al. 1995 , Shimotsu et al. 2010 . For this reason, this study focuses on disinfecting the evaporative humidifier element.
The microbes that grow on the humidifier element surface can become airborne and be transported throughout an entire building's air-conditioning systems (Marinkovich and Hii 1975, Katsui et al. 1995) .
There have been efforts to resolve this problem using ultraviolet germicidal irradiation (UVGI) in the evaporative humidifier element (Sung et al. 2011 ). However, UVGI inactivates only the element surface of the humidifier and does not penetrate into the element. Low-frequency microwave radiation is a better tool for disinfection. Microwave radiation penetrates deep into the component, heating it directly, rapidly and selectively. These characteristics motivated our efforts to find a feasible way to perform microwavemediated disinfection of air conditioning systems.
In our previous study (Kang and Kato 2013) , we investigated the germicidal effect of microwave irradiation on fungal spores (e.g., Cladosporium herbarum and Fusarium solani), vegetative bacteria and bacterial spores (e.g., Bacillus subtilis) on the filter. We determined that the germicidal effect originates directly from the radiation-induced temperature increase of the buffer (0.9% NaCl solution). We reported that microwave disinfection occurred due to a temperature increase (heating effect) of the liquid sample.
The germicidal effect of our strains was shown at liquid suspension temperatures above 60°C except for the B. subtilis spores.
Some researchers has been studied on the disinfection temperature of bacteria by microwave. Woo et al. (2000) reported that the viable counts of bacteria B. subilis or Escherichia coli were reduced dramatically decreased in the liquid buffer when the microwave heating temperature exceeded 60°C. Stout et al. (1986) measured that the ranges of thermal death times of the family Legionellaceae in the liquid broth at 60°C, 70°C, and 80°C were 1.3 min to 10.6 min, 0.7 min to 2.6 min, and 0.3 min to 0.7 min, respectively. Goldblith and Wang (1967) showed that microwave cause no destruction of E. coli in the buffer when held below 51°C. Therefore, we assumed that the minimum temperature for thermal disinfection is 60°C except for the microorganisms resistant to heat. In this study, the practicability of microwave heating the humidifier elements above 60°C investigates by a mock-up system. This article describes (1) manufacturing the mock-up humidifier (2) identifying the optimum mode for microwave heating, and (3) determining of microwave intensity inside the humidifier cavity.
Methods

System setup
To determine the practicability of microwave irradiation in disinfecting humidifier elements, a mockup humidifier unit was manufactured. The experimental setup is composed of three parts: a microwave generator, an evaporative humidifier and an air blower (Figure 1) . The air stream, driven by an exhaust blower fan, enters and exits the system through a high-efficiency particulate air (HEPA) filter. The water stream was supplied from a water tank to the element using a water pump (Figure 2 ). The microwave source (model IMH-20A259, IDX Inc., Japan) had variable output power ranging from 1 to 1,500 W at frequencies of 2,455±30 MHz.
To prevent the leakage of microwave power, microwave shields were installed between the duct and the humidifier. The microwave shields were perforated plates with a hole diameter and thickness of 1.0 mm (Figure 3-b) . The humidifier, duct parts and microwave shields were made with stainless steel. The cavity volume and surface area between the microwave shields of the humidifier was 0.112 m 3 and 1.692 m 2 , respectively. The evaporative humidifier element had a honeycomb structure and was constructed from non-inflammable material with dimensions of 300 (W) ×300 (L) × 100 (D) mm 3 .
Microwave leakage from the contact surface of joint for humidifier mock-up was determined using an electro smog meter (TES-92, TES Electrical Electronic Corp, Taiwan). The microwave intensity from outside the mock-up humidifier was 1/10 of the International Commission on Non-Ionizing Radiation
Protection (ICNIRP 1998) standard for public areas, 10 W/m Measurement I : Temperature and distribution of elements by microwave
To determine the optimum conditions for microwave heating, the following items were considered: (1) the temperature of the element during operation/nonoperation of the process of ventilation and spraying water during irradiation, (2) the temperature of the element at different output powers, (3) the temperature distribution of the element in dry or wet conditions, and (4) the temperature distribution based on the thickness of the elements.
Considerations for the microwave heating method include safety, the germicidal effect and energy consumption. Thus, the irradiation method needs to consider the temperature of the evaporative humidifier element during the operating mode and non-operating modes of the HVAC system. The HVAC system operates according to a schedule, these conditions affected microwave disinfection. Therefore, to decide whether to continue ventilation and water spraying during microwave irradiation, we determined the temperature of the element surfaces under the operating mode (continuous and simultaneous ventilation and water spraying) and under the non-operating mode (with the element wet) during irradiation at 1,200 W.
During the operating mode condition, the air blower was operated at an air flow rate of 29.1 m 3 /min, and the water pump was operated at a water flow rate of 0.48~0.52 L/min. We assessed the temperature behavior of the humidifier unit under various conditions. An optical fiber thermometer (Neoptix, Reflex TM , Canada) was used to take measurements at two points: at the center of both the front (facing the microwave generator) and rear faces of the humidifier under a one-piece, 100 mm thick wet element (Figure 3 -a).
To identify temperature increases above 60°C, the temperature of the element were measured at seven microwave power levels: 450, 600, 750, 900, 1,050, 1,200 and 1,350 W. The exposure time was five minutes, which was sufficient to counteract the temperature of the dry element without water spraying and ventilation.
Usually, an evaporative humidifier element is wetted while under operation. Therefore, in addition to measurements on a dry element, we also conducted experiments under wet conditions in non-operating mode. The temperature distribution of the element was measured from the outside of the microwave shield To confirm whether to disinfect the element, in the case of thicker elements, we measured the temperature and the temperature distribution of the two-piece element surface in the dry condition at 1,200
W. Figure 4 shows the temperature measurement points: the center of the front, between of elements and the rear faces of the humidifier. The experiments were performed three times in all cases.
Measurement II : Distribution of microwave intensity inside the humidifier cavity
The microwave density was analyzed inside the humidifier using the following approaches: (1) measurement of the microwave density at distance from the waveguide, (2) correlation between the microwave density and the humidifier shape, and (3) measurement of the absorbed power in the element.
We conducted three experiments under different conditions: no element present (Case 1), a one-piece element (Case 2), and a two-piece element (Case 3). We used a dry element without ventilation or water spraying. The microwave density in the cavity between microwave shields was measured as the water temperature increased by irradiation in these three cases. This test method was modified from the IEC 705 (1988) method for household microwave ovens.
Fifty milliliters of distilled water was poured into 100 ml beakers that were placed at the front and rear of the element. Figure 5 shows the temperature measurement locations from point 1 to point 8. The temperature of the distilled water was detected by an optical fiber thermometer sensor under microwave irradiation at 1,200 W for one minute. Then, the increase in the water temperature was measured. To measure the power of the absorbed radiation in the element, we compared the microwave density at the contact points (3, 4, 5, 6) and non-contact points (1, 2, 7, 8) of the elements. These measurement points are symmetric with respect to the duct-axis. The power absorbed by the water was measured at the contact points and non-contact points of elements. The value of the power absorbed in the distilled water was calculated by the following equation (1):
where P is the microwave power absorbed in the distilled water (W), M is the weight of the distilled water (g), C is the heat capacity of the distilled water (J/g °C), T a and T b are the temperatures of the distilled water before and after irradiation (°C) and t is the irradiation time (sec). The experiments were performed three times in all cases.
Results
Temperature and distribution of elements by microwave Figure 6 shows how ventilation and water spraying affect the temperature changes caused by irradiation. In the operating mode, the irradiation caused no heating, whereas in the non-operating mode, the temperature of both faces in wet condition gradually increased to approximately 55°C~60°C when irradiated at 1,200 W for eight minutes. Figure 7 shows the temperature of the front and rear surfaces of the element when exposed to microwave irradiation at different output powers for five minutes. The results
show that microwave irradiation with a higher power quickly yielded a higher temperature for the element.
The temperature of the front face was higher than of the rear face. The temperature of the front and the rear face increased 33.7±0.4°C or 20.8±0.2°C respectively when exposed to 450 W. When exposed to 1,350 W, the temperature of the front and the rear face increased 41.1±0.6°C and 39.2±2.6°C respectively. The temperature difference between the front and the rear faces was larger when irradiated with a high output power compared to a low output power. Therefore, we considered that the high output power can heat the rear face as well as the front face. A previous study (Kang and Kato 2013) demonstrated that microwave irradiation can disinfect bacteria above a temperature limit of 60°C. Therefore, we have to employ an output power of more than 1,200 W; the minimum time required to heat the dry element at the front face up to 60°C using 1,200 W of irradiation is three minutes.
The temperature of the element when exposed to 1,200 W of irradiation for ten minutes is shown in
Figures 8-a and 9-a for the dry and wet case, respectively. The temperature on both of its faces was sharply increased for three minutes, and then slowly increased in both dry and wet condition. In the dry element, the temperature on the front surface increased 39.9±1.2°C (from 21.2±0.9°C to 61.1±0.5°C), and on the rear face increased 35.0±1.1°C (from 18.9±0.2°C to 53.9±1.3°C) when irradiated for three minutes. After irradiation for eight minutes, the temperature of both faces became the same. In the wet element, the difference of the temperature between the front and the rear faces was large. The temperature on the front or the rear surfaces increased 51.2±0.8°C (from 12.1±1.0°C to 63.3±0.3°C) and 23.7±1.0°C (from 10.5±0.2°C to 34.2±1.1°C) when irradiated for three minutes. A comparison shows that on the front surface, the temperature of the wet element is higher than that of the dry element. Conversely, on the rear surface, the temperature of the dry element is much higher than that of the wet element. These results indicate that radiation is absorbed in the water on the front face. We assume that if microwaves continuously irradiate the wet element, they can heat the rear face of the element because the wet element is dried by irradiation.
The dry sample shows a similar temperature distribution on both of its faces (Figure 8-b, c) , whereas the wet sample shows a high temperature gradient (Figure 9-b, c) . The temperature distribution of the element was not uniform, regardless of whether it is dry or wet.
The temperature distribution for the two-piece dry sample shown in Figure 10 . The temperature of the front side was higher than that of the rear side; the temperature increased 68.3±1.2°C on the front side;
61.7±1.4°C on middle 1; 52.9±1.0°C on middle 2; 42.5±1.3°C on the rear side (Figure 10-a) . The result shows that the thicker element has a larger temperature difference between front and rear faces by microwave heating. The temperature distribution was similar on both of its faces (Figure 10 -b, c). These results indicated that microwaves penetrated into the two-piece from the front to the rear side in the dry condition. We found that elements with thickness higher than 200 mm could not be disinfected on the rear side at 1,200 W for ten minutes in dry conditions. We also considered that the rear side of 200 mm thick wet element could not be disinfected at 1,200 W for ten minutes exposure. Therefore, the amount of irradiation should increase considerably for thicker and wet elements.
Distribution of microwave intensity inside the humidifier cavity
The prior results show that microwave heating was uneven, as evidenced by the temperature distribution on the element. To investigate the cause, we analyzed the microwave density inside the humidifier cavity.
Relationship between microwave density and distance from the waveguide The microwave power absorbed in the water and the temperature of the water are summarized in Table 1 . The microwave power absorbed by the water is considered the microwave density of the location. The microwave density shows an irregular tendency at the distance from the waveguide between the closed position (point 1, 2) and at a distant point from the waveguide (point 7, 8) in Case 1 (no element present).
Relationship between the microwave density and the humidifier shape. The humidifier has a symmetric structure with respect to the duct-axis, and the microwave density is generally similar at the symmetric locations (point 1-2, 3-4, 5-6, 7-8). The results indicated that the humidifier shape affects the intensity of the microwaves on the location of humidifier cavity. The microwave density of the measurement locations (point 1-3-5-7 and point 2-4-6-8) in the duct-axis direction is uneven. These results indicate the formation of standing waves, which affected the intensity in the humidifier cavity.
The microwave power absorbed in the element. In Case 2, using a one-piece element, the microwave density at the non-contact locations of the element (point 1, 2, 7, 8) was higher than the density at the contact locations (point 3, 4, 5, 6). In Case 3, using a two-piece element, the non-contact points (point 1, 2) and contact points (point 3, 4) of the element show similar power intensity. In our study, we were unable to measure the amount of absorbed power in the element.
Discussion
The previous study demonstrated the germicidal effect of microwaves at temperatures above 60°C in the liquid condition. In this study, a mock-up of a humidifier was manufactured, and we investigated the possibility of heating the evaporative humidifier element above 60°C by microwave irradiation. The results demonstrated that the microwave heating can occur under non-operating (without air blower and water spraying) conditions.
The temperature of one-piece dry element on the front side or rear side increased above 60°C at 1,200 W for exposure times greater than three minutes or nine minutes. In wet condition of one-piece element, the front face increased above 60°C whereas the rear face could not reach the same temperature because the radiation may have been absorbed by the water on the front side. We found that the wet element can heat the rear side with a sufficient irradiation time because the water on the front side will evaporate.
In two-piece element case, both faces increased above 60°C under dry condition. The temperature distribution of the front and rear faces was the same after five minutes of irradiation on both one-and twopiece elements. These results indicated that microwaves penetrated into the two pieces of the 100 mm thick element in the dry condition.
UVGI is not expected to disinfect the internal evaporative humidifier elements because UVGI is absorbed on surface of the element. The microwave irradiation is expected to disinfect the internal evaporative humidifier elements. However, the temperature distribution of the element was found to be non-uniform, regardless of whether it was dry or wet. The cold spots below 60°C are not expected to be disinfected.
To determine the cause of the non-uniform temperature distribution, we measured the microwave density inside the mock-up humidifier. The results show that the microwave density was similar at symmetric locations with respect to the duct-axis and uneven in the duct-axis direction. These results indicated that microwave density has a spatial difference, and the uneven temperature for the vertical profile may be caused by standing waves. Therefore, we demonstrated that the temperature and distribution of the element was different based on the number of elements and whether the element was dry or wet. The number of elements may have influenced the formation of standing waves. In future studies, we will investigate the pattern of standing waves. Variations of these methods that produce a uniform heating by microwave simulation should also be considered.
Conclusion
In this study, we determined the optimum conditions for microwave heating by a mock-up unit. First, we demonstrated that microwave heating can occur under non-operating conditions (without air blower and water spraying). The temperature of an element at different outputs was shown to increase faster with a high power. The temperature difference of one-piece on front side or rear side was small in dry condition.
The temperature difference on front side or rear side was large with the two-piece of the dry element or one-piece of the wet element. These results indicated that the thick elements and elements with a high water content are much less penetrated by microwave radiation. The temperature distribution of the element was found to be non-uniform, regardless of whether it was dry or wet. Therefore, a second experiment determined the microwave density inside the humidifier cavity. The result showed that the microwave density is uneven at different locations. It is assumed that the effectiveness of disinfection on the element is limited. Therefore, we suggest that the temperature distribution on the element was uneven because the element was affected by microwave density in the humidifier cavity.
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